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BACKGROUND OF THE INVENTION 
Field of the Invention - The invention relates generally to the modification and 
control of the temperature of a selected body organ. More particularly, the invention 
relates to a method and intravascular apparatus for controlling organ temperature. 
5 Background Information - Organs in the human body, such as the brain, kidney 

and heart, are maintained at a constant temperature of approximately 37°C. Hypothermia 
can be clinically defined as a core body temperature of SS^'C or less. Hypothermia is 
sometimes characterized further according to its severity. A body core temperature in the 
range of 33°C to 35*^C is described as mild hypothermia. A body temperature of 28°C to 

10 32°C is described as moderate hypothermia. A body core temperature in the range of 
24°C to 28°C is described as severe hypothermia. 

Hypothermia is uniquely effective in reducing brain injury caused by a variety of 
neurological insults and may eventually play an important role in emergency brain 
resuscitation. Experimental evidence has demonstrated that cerebral cooling improves 

15 the patient's outcome after global ischemia, focal ischemia, or traumatic brain injury. For 
this reason, hypothermia may be induced in order to reduce the effect of certain bodily 
injuries to the brain as well as other organs. 

Cerebral hypothermia has traditionally been accomplished through whole body 
cooling to create a condition of total body hypothermia in the range of 20° C to 30° C. 

20 However, the use of total body hypothermia risks certain deleterious systematic vascular 
effects. For example, total body hypothermia may cause severe derangement of the 
cardiovascular system, including low cardiac output, elevated systematic resistance, and 
ventricular fibrillation. Other side effects include renal failure, disseminated 
intravascular coagulation, and electrolyte disturbances. In addition to the undesirable 

25 side effects, total body hypothermia is difficult to administer. 

Catheters have been developed which are inserted into the bloodstream of the 
patient in order to induce total body hypothermia. For example, U.S. Patent No. 
3,425,419 to Dato describes a device and technique of lowering and raising the 
temperature of the human body. The Dato reference discloses a technique of inducing 

30 moderate hypothermia in a patient using a metallic catheter. The metallic catheter has an 
inner passageway through which a fluid, such as water, can be circulated. The catheter is 
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inserted through the femoral vein and then through the inferior vena cava as far as the 
right atrium and the superior vena cava. The Dato reference discloses a catheter having 
an elongated cylindrical shape and is constructed from stainless steel. By way of 
example, Dato suggests the use of a catheter approximately 70 cm in length and 
5 approximately 6 mm in diameter. However, use of the Dato device implicates the 
negative effects of total body hypothermia described above. 

Due to the problems associated with total body hypothermia, attempts have been 
made to provide more selective cooling. For example, cooling helmets or head gear have 
been used in an attempt to cool only the head rather than the patient's entire body. 

10 However, such methods rely on conductive heat transfer through the skull and into the 
brain. One drawback of using conductive heat transfer is that the process of reducing the 
temperature of the brain is prolonged. Also, it is difficult to precisely control the 
temperature of the brain when using conduction due to the temperature gradient that must 
be established externally in order to sufficiently lower the intemal temperature. In 

15 addition, when using conduction to cool the brain, the face of the patient is also subjected 
to severe hypothermia, increasing discomfort and the likelihood of negative side effects. 
It is known that profound cooling of the face can cause similar cardiovascular side effects 
as total body cooling. From a practical standpoint, such devices are cumbersome and 
may make continued treatment of the patient difficult or impossible. 

20 Selective organ hypothermia has also been attempted by perfusion of a cold 

solution such as saline or perflourocarbons. This process is commonly used to protect the 
heart during heart surgery and is referred to as cardioplegia. Perfusion of a cold solution 
has a nxmiber of drawbacks, including a limited time of administration due to excessive 
volume accumulation, cost, and inconvenience of maintaining the perfusate and lack of 

25 effectiveness due to the temperature dilution from the blood. Temperature dilution by the 
blood is a particular problem in high blood flow organs such as the brain. 

Therefore, there is a need for a practical method and apparatus which modifies 
and controls the temperature of a selected organ but does not suffer from the drawbacks 
of total body hypothermia or cold perfusion. 

30 
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BRIEF SUMMARY OF THE INVENTION 
The invention provides a method and device to transfer heat to or from a selected 
organ in an efficient manner. The device has a high degree of lateral flexibility and is 
collapsible, thereby affording an easy insertion procedure. The device allows high 
5 surface area to increase heat transfer. 

In one aspect, the invention is directed to a catheter system to change the 
temperature of blood by heat transfer to or from a working fluid. The system includes an 
inflatable inlet lumen and outlet lumen. The outlet lumen is coupled to the inlet lumen so 
as to transfer working fluid between the two. The outlet lumen has a structure when 
10 inflated to induce turbulence in the blood and/or in the working fluid. 

Variations of the system may include one or more of the following. The inlet 
lumen and the outlet lumen may be made of a flexible material such as latex rubber. The 
outlet lumen may have a structure to induce turbulence in the working fluid when 
inflated, such as a helical shape which may be tapered in a segmented or non-segmented 
15 manner. The radii of the inlet and outlet lumens may decrease in a distal direction such 
that the inlet and outlet limiens are tapered when inflated. A wire may be disposed in the 
inlet or outlet lumens to provide shape and strength when deflated. 

The thickness of the outlet lumen, when inflated, may be less than about mil. 
The length of the inlet lumen may be between about 5 and 30 centimeters. If the outlet 
20 lumen has a helical shape, the diameter of the helix may be less than about 8 millimeters 
when inflated. The outer diameter of the helix of the outlet liunen, when inflated, may 
be between about 2 millimeters and 8 millimeters and may taper to between about 1 
millimeter and 2 millimeters. In segmented embodiments, a length of a segment may be 
between about 1 centimeter and 10 centimeters. The radii of the inlet and outlet lumens 
25 when inflated may be between about 0.5 millimeters and 2 millimeters. 

The outlet lumen may further include at least one surface feature and/or interior 
feature, the surface feature inducing turbulence in the fluid adjacent the outlet lumen and 
the interior feature inducing turbulence in the working fluid. The surface feature may 
include one or more helical tums or spirals formed in the outlet lumen. Adjacent turns 
30 may employ opposite helicity. Altematively or in combination, the surface feature may 
be a series of staggered protrusions formed in the outlet lumen. 



4 



The turbulence-inducing outlet lumen may be adapted to induce turbulence when 
inflated within a free stream of blood when placed within an artery. The turbulence 
intensity may be greater than about 0.05. The turbulence-inducing outlet lumen may be 
adapted to induce turbulence when inflated throughout the period of the cardiac cycle 
5 when placed within an artery or during at least 20% of the period. 

The system may further include a coaxial supply catheter having an inner catheter 
lumen coupled to the inlet lumen and a working fluid supply configxu"ed to dispense the 
working fluid and having an output coupled to the inner catheter lumen. The working 
fluid supply may be configured to produce a pressurized working fluid at a temperature 
10 of between about -3°C and 36°C and at a pressure below about 5 atmospheres of 
pressure. Higher temperatures may be employed if blood heating is desired. 

The turbulence-inducing outlet lumen may include a surface coating or treatment 
such as heparin to inhibit clot formation. A stent may be coupled to the distal end of the 
inlet lumen. The system may be employed to cool or heat volumes of tissue rather than 
15 blood. 

In embodiments employing a tapered hehcal outlet lumen, the taper of the outlet 
lumen allows the outlet lumen to be placed in an artery having a radius less than the first 
radius. The outlet lumen may be tapered in segments. The segments may be separated 
by joints, the joints having a radius less than that of either adjacent segment. 

20 In another aspect, the invention is directed to a method of changing the 

temperature of blood by heat transfer. The method includes inserting an inflatable heat 
transfer element into an artery or vein and inflating the same by deUvering a working 
fluid to its interior. The temperature of the working fluid is generally different from that 
of the blood. The method fiuther includes inducing turbulence in the working fluid by 

25 passing the working fluid through a turbulence-inducing path, such that turbulence is 
induced in a substantial portion of a free stream of blood. The inflatable heat transfer 
element may have a turbulence-inducing structure when inflated. 

Li another aspect, the invention is directed towards a method of treating the brain 
which includes inserting a flexible heat transfer element into an artery from a distal 

30 location and circulating a working fluid through the flexible heat transfer element to 
inflate the same and to selectively modify the temperature of an organ without 
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significantly modifying the temperature of the entire body. The flexible, conductive heat 
transfer element preferably absorbs more than about 25, 50 or 75 watts of heat. The artery 
may be the common carotid or a combination of the common carotid and the internal 
carotid. 

5 In another aspect, the invention is directed towards a method for selectively 

cooling an organ in the body of a patient which includes introducing a catheter into a 
blood vessel supplying the organ, the catheter having a diameter of 5 mm or less, 
inducing free stream turbulence in blood flowing over the catheter, and cooUng the 
catheter to remove heat from the blood to cool the organ without substantially cooling the 

10 entire body. In one embodiment, the cooling removes at least about 75 watts of heat from 
the blood. In another embodiment, the cooling removes at least about 100 watts of heat 
from the blood. The organ being cooled may be the human brain. 

The circulating may fiirther include passing the working fluid in through an inlet 
lumen and out through an outlet, coaxial lumen. The working fluid may be a liquid at or 

1 5 well below its boiling point, and fixrthermore may may be aqueous. 

Advantages of the invention include one or more of the following. The design 
criteria described above for the heat transfer element: small diameter when deflated, large 
diameter when inflated, high flexibility, and enhanced heat transfer rate through increases 
in the surface of the heat transfer element and the creation of turbulent flow, facilitate 

20 creation of a heat transfer element which successfully achieves selective organ cooling or 
heating. Because only a selected organ is cooled, complications associated with total 
body hypothermia are avoided. Because the blood is cooled intravascularly, or in situ, 
problems associated with external circulation of the blood are eUminated. Also, only a 
single puncture and arterial vessel cannulation are required which may be performed at 

25 an easily accessible artery such as the femoral, subclavian, or brachial arteries. By 
eliminating the use of a cold perfiisate, problems associated with excessive fluid 
accumulation are avoided. In addition, rapid cooling to a precise temperature may be 
achieved. Further, treatment of a patient is not cumbersome and the patient may easily 
receive continued care during the heat transfer process. The device and method may be 

30 easily combined with other devices and techniques to provide aggressive multiple 
therapies. Other advantages will become clear from the description below. 
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The novel features of this invention, as well as the invention itself, will be best 
understood from the attached drawings, taken along with the following description, in 
which similar reference characters refer to similar parts, and in which: 

5 BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS 

The features, objects, and advantages of the invention will become more apparent 
from the detailed description set forth below when taken in conjunction with the 
drawings in which like reference characters identify corresponding elements throughout. 
Fig. 1 is a schematic diagram of a heat transfer element according to an 
1 0 embodiment of the invention. 

Fig. 2 is a side schematic view of an inflatable turbulence-inducing heat transfer 
element according to an embodiment of the invention, as the same is disposed within an 
artery. 

Fig. 3 illustrates an inflatable turbulence-inducing heat transfer element according 
15 to an altemative embodiment of the invention employing a surface area enhancing taper 
and a turbulence-inducing shape. 

Fig. 4 illustrates a tapered joint which may be employed in the embodiment of 

Fig. 3. 

Fig. 5 illustrates a turbulence-inducing heat transfer element according to a 
20 second altemative embodiment of the invention employing a surface area enhancing taper 
and turbulence-inducing surface features. 

Fig. 6 illustrates a type of turbulence-inducing surface feature which may be 
employed in the heat transfer element of the embodiment of Fig. 5. In Fig. 6 a spiral 
feature is shown. 

25 Fig. 7 illustrates another type of turbulence-inducing surface feature which may 

be employed in the heat transfer element of the embodiment of Fig. 5. In Fig. 7, a series 
of staggered protrusions are shown. 

Fig. 8 is a transverse cross-sectional view of the heat transfer element of the 
embodiment of Fig. 7. 

30 Fig. 9 illustrates a heat transfer element according to a third altemative 

embodiment of the invention employing a surface area enhancing taper. 
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Fig. 10 is a schematic representation of an embodiment of the invention being 
used to cool the brain of a patient. 

DETAILED DESCRIPTION OF THE INVENTION 
5 The temperature of a selected organ may be intravascularly regulated by a heat 

transfer element placed in the organ's feeding artery to absorb or deliver heat to or from 
the blood flowing into the organ. While the device is described with respect to blood 
flow into an organ, it is understood that heat transfer within a volume of tissue is 
analogous. In the latter case, heat transfer is predominantly by conduction. 

10 The heat transfer may cause either a cooling or a heating of the selected organ. A 

heat transfer element that selectively alters the temperature of an organ should be capable 
of providing the necessary heat transfer rate to produce the desired cooling or heating 
effect within the organ to achieve a desired temperature. 

The heat transfer element should be small and flexible enough to fit within the 

15 feeding artery while still allowing a sufficient blood flow to reach the organ in order to 
avoid ischemic organ damage. Feeding arteries, like the carotid artery, branch off the 
aorta at various levels. Subsidiary arteries continue to branch off these initial branches. 
For example, the intemal carotid artery branches off the common carotid artery near the 
angle of the jaw. The heat transfer element is typically inserted into a peripheral artery, 

20 such as the femoral artery, using a guide catheter or guide wire, and accesses a feeding 
artery by initially passing though a series of one or more of these branches. Thus, the 
flexibility and size, e,g., the diameter, of the heat transfer element are important 
characteristics. This flexibility is achieved as is described in more detail below. 

These points are illustrated using brain cooling as an example. The common 

25 carotid artery supplies blood to the head and brain. The intemal carotid artery branches 
off the common carotid artery to supply blood to the anterior cerebrum. The heat transfer 
element according to the principles of the invention may be placed into the common 
carotid artery or into both the conunon carotid artery and the intemal carotid artery. 

The benefits of hypothermia described above are achieved when the temperature 

30 of the blood flowing to the brain is reduced to between 30°C and 32°C. A typical brain 
has a blood flow rate through each carotid artery (right and left) of approximately 250- 
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375 cubic centimeters per minute (cc/min). With this flow rate, calculations show that 
the heat transfer element should absorb approximately 75-175 watts of heat when placed 
in one of the carotid arteries to induce the desired cooling effect. Smaller organs may 
have less blood flow in their respective supply arteries and may require less heat transfer, 
5 such as about 25 watts. 

A device according to an embodiment of the invention for accomplishing such 
cooling or heating is shown schematically in Fig. 1, which shows an arterial wall 109 in 
which a blood flow 100 is passing. A catheter 101 is disposed within the blood flow 100 
to affect the blood temperature. Catheter 101 has an inlet lumen 105 for providing a 

10 working fluid 107 and an outlet lumen 103 for draining the working fluid 107. The 
functions of the respective lumens may of course be opposite to that stated. A reverse 
configuration may be particularly advantageous when blood heating, rather than blood 
cooling, is the objective. 

Heat transfer in this system is governed by the following mechanisms: 

15 (1) convective heat transfer from the blood 100 to the outlet lumen 103; 

(2) conduction through the wall of the outlet lumen 103; 

(3) convective heat transfer from the outlet lumen 103 to the working fluid 107; 

(4) conduction through the working fluid 107; 

(5) convective heat transfer from working fluid 107 in the outlet lumen 103 to the 
20 inlet lumen 105; and 

(6) conduction through the wall of the inlet lumen 105. 

Once the materials for the lumens and the working fluid are chosen, the 
conductive heat transfers are solely dependent on the temperature gradients. Convective 
heat transfers, by contrast, also rely on the movement of fluid to transfer heat. Forced 

25 convection results when the heat transfer surface is in contact with a fluid whose motion 
is induced (or forced) by a pressure gradient, area variation, or other such force. In the 
case of arterial flow, the beating heart provides an oscillatory pressure gradient to force 
the motion of the blood in contact with the heat transfer surface. One of the aspects of the 
device uses turbulence to enhance this forced convective heat transfer. 

30 The rate of convective heat transfer Q is proportional to the product of S , the area 

of the heat transfer element in direct contact with the fluid, AT = T^ - T^ , the 
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temperature differential between the surface temperatwe T, of the heat transfer element 
and the free stream blood temperature T^,, and , the average convection heat transfer 
coefficient over the heat transfer area, is sometimes called the "surface coefficient of 
heat transfer" or the "convection heat transfer coefficient". 
5 The magnitude of the heat transfer rate Q to or from the fluid flow can be 

increased through manipulation of the above three parameters. Practical constraints limit 
the value of these parameters and how much they can be manipulated. For example, the 
internal diameter of the common carotid artery ranges from 6 to 8 mm. Thus, the heat 
transfer element residing therein may not be much larger than 4 mm in diameter to avoid 

10 occluding the vessel. The length of the heat transfer element should also be limited. For 
placement within the internal and common carotid artery, the length of the heat transfer 
element is limited to about 10 cm. This estimate is based on the length of the common 
carotid artery, which ranges from 8 to 12 cm. 

Consequently, the value of the surface area S is limited by the physical 

15 constraints imposed by the size of the artery into which the device is placed. Surface 
features, such as fins, can be used to increase the surface area of the heat transfer 
element, however, these features alone cannot provide enough surface area enhancement 
to meet the required heat transfer rate to effectively cool the brain. An embodiment of 
the device described below provides a tapered heat transfer element which employs a 

20 large surface area but which may advantageously fit into small arteries. As the device is 
inflatable, the same may be inserted in relatively small arteries in a deflated state, 
allowing a minimally invasive entry. When the device is in position, the same may be 
inflated, allowing a large surface area and thus an enhanced heat transfer rate. 

One may also attempt to vary the magnitude of the heat transfer rate by varying 

25 AT. The value of AT = T„ - T^^ can be varied by varying the surface temperature of 
the heat transfer element. The allowable surface temperature of the heat transfer element 
is limited by the characteristics of blood. The blood temperature is fixed at about 37^C, 
and blood freezes at approximately 0°C. When the blood approaches freezing, ice emboU 
may form in the blood which may lodge downstream, causing serious ischemic injury. 

30 Furthermore, reducing the temperature of the blood also increases its viscosity which 
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results in a small decrease in the value of . Increased viscosity of the blood may 
further result in an increase in the pressure drop within the artery, thus compromising the 
flow of blood to the brain. Given the above constraints, it is advantageous to limit the 
surface temperature of the heat transfer element to approximately 1°C - 5°C, thus 
5 resulting in a maximum temperature differential between the blood stream and the heat 
transfer element of approximately 32°C - 36°C. 

One may also attempt to vary the magnitude of the heat transfer rate by varying 
h^. . Fewer constraints are imposed on the value of the convection heat transfer 
coefficient . The mechanisms by which the value of may be increased are 

10 complex. However, one way to increase for a fixed mean value of the velocity is to 
increase the level of turbulent kinetic energy in the fluid flow. 

The heat transfer rate Qno-fiow in the absence of fluid flow is proportional to AT, 
the temperature differential between the surface temperature of the heat transfer 
element and the fi:ee stream blood temperature times k, the diffusion constant, and is 

1 5 inversely proportion to S , the thickness of the boundary layer. 

The magnitude of the enhancement in heat transfer by fluid flow can be estimated 
by taking the ratio of the heat transfer rate with fluid flow to the heat transfer rate in the 
absence of fluid flow N = Qaow / Qno-fiow = he / (k/S). This ratio is called the Nusselt 
number ("Nu"). For convective heat transfer between blood and the surface of the heat 

20 transfer element, NusseU numbers of 30-80 have been found to be appropriate for 

selective cooling appUcations of various organs in the human body. Nusselt numbers are 
generally dependent on several other numbers: the Reynolds number, the Womersley 
number, and the Prandtl number. 

Stirring-type mechanisms, which abruptly change the direction of velocity 

25 vectors, may be utilized to induce turbulent kinetic energy and increase the heat transfer 
rate. The level of turbulence so created is characterized by the turbulence intensity d. 
Turbulence intensity S is defined as the root mean square of the fluctuating velocity 
divided by the mean velocity. Such mechanisms can create high levels of turbulence 
intensity in the free stream, thereby increasing the heat transfer rate. This turbulence 



intensity should ideally be sustained for a significant portion of the cardiac cycle, and 
should ideally be created throughout the firee stream and not just in the boundary layer. 

Turbulence does occur for a short period in the cardiac cycle anyway. In 
particular, the blood flow is turbulent during a small portion of the descending systolic 
5 flow. This portion is less than 20% of the period of the cardiac cycle. If a heat transfer 
element is placed co-axially inside the artery, the heat transfer rate will be enhanced 
during this short interval. For typical of these fluctuations, the turbulence intensity is at 
least 0.05. In other words, the instantaneous velocity fluctuations deviate from the mean 
velocity by at least 5%. Although ideally turbulence is created throughout the entire 

10 period of the cardiac cycle, the benefits of turbulence are obtained if the turbulence is 
sustained for 75%, 50%o or even as low as 30% or 20% of the cardiac cycle. 

One type of turbulence-inducing heat transfer element which may be 
advantageously employed to provide heating or cooling of an organ or volume is 
described in co-pending U.S. Patent Application Serial No. 09/103,342 to Dobak and 

15 Lasheras for a "Selective Organ Cooling Catheter and Method of Using the Same," 

incorporated by reference above. In that appUcation, the heat transfer element is made of 
a high thermal conductivity material, such as metal. The metal heat transfer element 
provides a high degree of heat transfer due to its high thermal conductivity. In that 
application, bellows provided a high degree of articulation that compensated for the 

20 intrinsic stiffness of the metal. The device size was minimized, e.g., less than 4 mm, to 
prevent blockage of the blood flowing in the artery. 

On the other hand, the heat transfer element according to an embodiment of the 
present invention is made of a flexible material, such as latex rubber. The latex rubber 
provides a high degree of flexibility which was previously achieved by articulation. The 

25 latex rubber further allows the heat transfer element to be made collapsible so that when 
deflated the same may be easily inserted into an artery. Insertion and location may be 
conveniently made by way of a guide catheter or guide wire. Following insertion and 
location in the desired artery, the heat transfer element may be inflated for use by a 
working fluid such as saline, water, perfluorocarbons, or other suitable fluids. 

30 A heat transfer element made of a flexible material generally has significantly less 

thermal conductivity than a heat transfer element made of metal. The device 
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compensates for this by enhancing the surface area available for heat transfer. This may 
be accomplished in two ways: by increasing the cross-sectional size and by increasing the 
length. Regarding the former, the device may be structured to be large when inflated, 
because when deflated the same may still be inserted into an artery. In fact, the device 
5 may be as large as the arterial wall, so long as a path for blood flow is allowed, because 
the flexibility of the device tends to prevent damage to the arterial wall even upon 
contact. Such paths are described below. Regarding the latter, the device may be 
configured to be long. One way to configure a long device is to taper the same so that the 
device may fit into distal arteries having reduced radii in a manner described below. The 

10 device fiirther compensates for the reduced thermal conductivity by reducing the 
thickness of the heat transfer element wall. 

Embodiments of the device use a heat transfer element design that produces a 
high level of turbulence in the fi-ee stream of the blood and in the working fluid. One 
embodiment of the invention forces a heUcal motion on the working fluid and imposes a 

15 helical barrier in the blood, causing turbulence. In an altemative embodiment, the helical 
barrier is tapered. In a second alternative embodiment, a tapered inflatable heat transfer 
element has surface features to cause turbulence. As one example, the surface features 
may have a spiral shape. In another example, the surface features may be staggered 
protrusions. In all of these embodiments, the design forces a high level of turbulence in 

20 the fi-ee stream of the blood by causing the blood to navigate a tortuous path while 
passing through the artery. This tortuous path causes the blood to undergo violent 
accelerations resulting in turbulence. 

In a third altemative embodiment of the invention, a taper of an inflatable heat 
transfer element provides enough additional surface area per se to cause sufficient heat 

25 transfer. In all of the embodiments, the inflation is performed by the working fluid, such 
as water or saline. 

Referring to Fig. 2, a side view is shown of a first embodiment of a heat transfer 
element 14 according to an embodiment of the invention. The heat transfer element 14 is 
formed by an inlet lumen 22 and an outlet lumen 20. In this embodiment, the ouflet 
30 lumen 20 is formed in a helix shape surrounding the inlet lumen 22 that is formed in a 
pipe shape. The names of the lumens are of course not limiting. It will be clear to one 
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skilled in the art that the inlet lumen 22 may serve as an outlet and the outlet lumen 20 
may serve as an inlet. It will also be clear that the heat transfer element is capable of both 
heating (by delivering heat to) and cooling (by removing heat from) a desired area. 
The heat transfer element 14 is rigid but flexible so as to be insertable in an 
5 appropriate vessel by use of a guide catheter. Altematively, the heat transfer element 
may employ a device for threading a guide wire therethrough to assist placement within 
an artery. The heat transfer element 14 has an inflated length of L, a helical diameter of 
Dc, a tubal diameter of d, and a heUcal angle of a. For example, Dc may be about 3.3 mm 
and d may be about 0.9 mm to 1 mm. Of course, the tubal diameter d need not be 
10 constant. For example, the diameter of the inlet lumen 22 may differ from that of the 
outlet lumen 14. 

The shape of the outlet lumen 20 in Fig. 2 is hehcal. This helical shape presents a 

cylindrical obstacle, in cross-section, to the flow of blood. Such obstacles tend to create 

turbulence in the free stream of blood. Li particular, the form of turbulence is the 
15 creation of von Karman vortices in the wake of the flow of blood, downstream of the 

cyUndrical obstacles. 

Typical inflatable materials are not highly thermally conductive. They are much 

less conductive than the metallic heat transfer element disclosed in the patent application 

incorporated by reference above. The difference in conductivity is compensated for in at 
20 least two ways in the present device. The material is made thinner and the heat transfer 

element is afforded a larger surface area. Regarding the former, the thickness may be 

less than about V^ mil for adequate cooling. 

Thin inflatable materials, particularly those with large surface areas, may require 

a structure, such as a wire, within their interiors to maintain their approximate uninflated 
25 positions so that upon inflation, the proper form is achieved. Thus, a wire structure 67 is 

shown in Fig. 2 which may be advantageously disposed within the inflatable material to 

perform such a fimction. 

Another consideration is the angle a of the helix. Angle a should be determined 

to optimize the helical motion of the blood around the lumens 20 and 22, enhancing heat 
30 transfer. Of course, angle a should also be determined to optimize the helical motion of 

the working fluid within the lumens 20 and 22. The helical motion of the working fluid 
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within the lumens 20 and 22 increases the turbulence in the working fluid by creating 
secondary motions. In particular, helical motion of a fluid in a pipe induces two counter- 
rotating secondary flows. 

An enhancement of h,. would be obtained in this system, and this enhancement 
5 may be described by a Nusselt number Nu of up to about 10 or even more. 

The above discussion describes one embodiment of a heat transfer element. An 
altemative embodiment of the device, shown in a side view in Fig. 3, illustrates a heat 
transfer element 41 with a surface area enhancement. Licreasing the sxirface area of the 
inflatable material enhances heat transfer. The heat transfer element 14 includes a series 

10 of coils or helices of different coil diameters and tubal diameters. It is not strictly 
necessary that the tubal diameters differ, but it is likely that commercially realizable 
systems will have differing tubal diameters. The heat transfer element 14 may taper 
either continuously or segmentally. 

This ahemative embodiment enhances surface area in two ways. First, the use of 

1 5 smaller diameter lumens enhances the overall surface-to-volume ratio. Second, the use of 
progressively smaller (i.e., tapered) lumens allows a distal end 69 to be inserted further 
into an artery than would be possible with the embodiment of Fig. 2. 

In the embodiment of Fig. 3, a first coil segment 42 is shown having length Li and 
diameter Dci. The first coil segment 42 is formed of an inlet lumen 51 having diameter 

20 di and an outlet lumen 53 having diameter di'.In the first coil segment, as well as the 
others, the ouflet lumen need not immediately drain the inlet lumen. In Fig. 3, the inlet 
lumen for each segment feeds the inlet lumen of the succeeding segment except for an 
inlet lumen adjacent a distal end 69 of the heat transfer element 41 which directly feeds 
its corresponding outlet lumen. 

25 A separate embodiment may also be constructed in which the inlet lumens each 

provide working fluid to their corresponding outlet lumens. In this embodiment, either a 
separate lumen needs to be provided to drain each outlet lumen or each outlet lumen 
drains into the adjacent outlet lumen. This embodiment has the advantage that an 
opposite helicity may be accorded each successive segment. The opposite helicities in 

30 turn enhance the turbulence of the working fluid flowing past them. 
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A second coil segment 44 is shown having length L2 and diameter Dc2. The 
second coil segment 44 is formed of an inlet lumen 55 having diameter da and an outlet 
lumen 57 having diameter da'. A third coil segment 46 is shown having length L3 and 
diameter Dc3. The third coil segment 46 is formed of an inlet lumen 59 having diameter 
5 d3 and an outlet lumen 61 having diameter ds'. Likewise, a fourth coil segment 48 is 
shown having length L4 and diameter Dc4. The fourth coil segment 48 is formed of an 
inlet lumen 63 having diameter d4 and an outlet lumen 65 having diameter d4'. The 
diameters of the lumens, especially that of the lumen located at or near distal end 69, 
should be large enough to not restrict the flow of the working fluid within them. Of 
1 0 course, any number of lumens may be provided depending on the requirements of the 
user. 

Fig. 4 shows the connection between two adjacent inlet lumens 51 and 55. A 
joint 167 is shown coupling the two lumens. The construction of the joint may be by way 
of variations in stress, hardening, etc. 

15 An advantage to this altemative embodiment arises from the smaller diameters of 

the distal segments. The heat transfer element of Fig. 3 may be placed in smaller 
workspaces than the heat transfer element of Fig. 2. For example, a treatment for brain 
trauma may include placement of a cooling device in the intemal carotid artery of a 
patient. As noted above, the common carotid artery feeds the intemal carotid artery. In 

20 some patients, the heat transfer element of Fig. 2 may not fit in the intemal carotid artery. 
Similarly, the first coil segment of the heat transfer element in Fig. 3 may not easily fit in 
the intemal carotid artery, although the second, third, and fourth segments may fit. Thus, 
in the embodiment of Fig. 3, the first coil segment may remain in the common carotid 
artery while the segments of smaller diameter (the second, third, and fourth) may be 

25 placed in the intemal carotid artery. In fact, in this embodiment, Dci may be large, such 
as 5-6 mm. The overall length of the heat transfer element 41 may be, e.g., about 20 to 
25 cm. 

An additional advantage was mentioned above. The surface area of the 
altemative embodiment of Fig. 3 may be substantially larger than that of the embodiment 
30 of Fig. 2, resulting in significantly enhanced heat transfer. For example, the enhancement 
in surface area may be substantial, such as up to or even more than three times compared 
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to the surface area of the device of the application incorporated by reference above. An 
additional advantage of both embodiments is that the helical rounded shape allows 
atraumatic insertion into cylindrical cavities such as, e.g., arteries. 

The embodiment of Fig. 3 may result in an Nu from 1 up to about 50. 
5 Fig. 5 shows a second alternative embodiment of the device employing surface 

features rather than overall shape to induce turbulence, hi particular, Fig. 5 shows a heat 
transfer element 201 having an inlet lumen (not shown) and an outlet inflatable lumen 
220 having four segments 203, 205, 207, and 221. Segment 203 is adjacent a proximal 
end 21 1 and segment 221 is adjacent a distal end 213. The segments are arranged having 

10 reducing radii in the direction of the proximal end to the distal end. In a manner similar 
to that of the embodiment of Fig. 3, the feature of reducing radii allows insertion of the 
heat transfer element into small work places such as small arteries. 

Heat transfer element 201 has a number of surface features 215 disposed thereon. 
The surface features 215 may be constructed with, e.g., various hardening treatments 

15 applied to the heat transfer element 201, or altematively by injection molding. The 
hardening treatments may result in a wavy or corrugated surface to the exterior of heat 
transfer element 201. The hardening treatments may further result in a wavy or 
corrugated surface to the interior of heat transfer element 201 . Fig. 6 shows a variation of 
this embodiment, in which a fabrication process is used which results in a spiral or helical 

20 shape to the surface features. 

The embodiment of Fig. 5 may result in an Nu of about 1 to 50. 
In another variation of this embodiment, shown in Fig. 7, a heat transfer element 
150 employs a plurality of protrusions 154 on outlet lumen 152 which surrounds an inlet 
lumen 158. In particular, Fig. 7 is a cut-away perspective view of an altemative 

25 embodiment of a heat transfer element 150. A working fluid is circulated through an inlet 
lumen 156 to a distal tip of the heat transfer element 150 thereby inflating the heat 
transfer element 150. The working fluid then traverses an outlet coaxial lumen 160 in 
order to transfer heat from the exterior surface 152 of the heat transfer element 150. The 
inside structure of the heat transfer element 150 is similar to the exterior structure in 

30 order to induce turbulent flow of the working fluid. 
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An external surface 152 of the inflatable heat transfer element 150 is covered with 
a series of staggered protrusions 154. The staggered nature of the protrusions 154 is 
readily seen with reference to Fig. 8 which is a transverse cross-sectional view of an 
inflated heat transfer element taken along the line 8-8 in Fig. 7. In order to induce free 
5 stream turbulence, the height, dp, of the staggered protrusions 154 is greater than the 
thickness of the boundary layer which would develop if a smooth heat transfer element 
had been introduced into the blood stream. As the blood flows along the external surface 
152, it coUides with one of the staggered protrusions 154 and a turbulent flow is created. 
As the blood divides and swirls along side of the first staggered protrusion 154, it coUides 

1 0 with another staggered protrusion 1 54 within its path preventing the re-lamination of the 
flow and creating yet more turbulence. In this way, the velocity vectors are randomized 
and free stream turbulence is created. As is the case with the other embodiments, this 
geometry also induces a turbulent effect on the internal coolant flow. 
The embodiment of Fig. 7 may resuU in an Nu of about 1 to 50. 

15 Of course, other surface features may also be used which result in turbulence in 

fluids flowing past them. These include spirals, helices, protrusions, various polygonal 
bodies, pyramids, tetrahedrons, wedges, etc. 

In some situations, an enhanced surface area alone, without the creation of 
additional turbulence, may result in sufficient heat transfer to cool the blood. Referring 

20 to Fig. 9, a heat transfer element 302 is shown having an inlet lumen 304 and an outlet 
lumen 306. The inlet lumen 304 provides a working fluid to the heat transfer element 
302 and outlet lumen 306 drains the working fluid from the same. The fiinctions may, of 
course, be reversed. The heat transfer element 302 is fiirther divided into five segments, 
although more or less may be provided as dictated by requirements of the user. The five 

25 segments in Fig. 9 are denoted segments 308, 310, 312, 314, and 316. In Fig. 9, the 
segment 308 has a first and largest radius Ri, followed by corresponding radii for 
segments 310, 312, 314, and 316. Segment 316 has a second and smallest radius. The 
length of the segment 308 is Li, followed by corresponding lengths for segments 310, 
312,314, and 316. 

30 A purely tapered (nonsegmented) form may replace the tapered segmental form, 

but the former may be more difficult to manufacture. In either case, the tapered form 



allows the heat transfer element 302 to be disposed in small arteries, i.e., arteries with 
radii smaller than Ri. A sufficient surface area is thus afforded even in very small 
arteries to provide the required heat transfer. 

The surface area and thus the size of the device should be substantial to provide 

5 the necessary heat transfer. Example dimensions for a three-segmented tapered form 
may be as follows: Li = 10 cm, Ri = 2.5 mm; L2 = 10 cm, R2 = 1 .65 mm, L3 = 5 cm, R3 = 
1 mm. Such a heat transfer element would have an overall length of 25 cm and a surface 
area of 3 X 10"^ m^. 

The embodiment of Fig. 9 results in an enhancement of the heat transfer rate of up 

10 to about 300% due to the increased surface area S alone. 

A variation of the embodiment of Fig. 9 includes placing at least one turbulence- 
inducing surface feature within the interior of the outlet lumen 306. This surface feature 
may induce turbulence in the working fluid, thereby increasing the convective heat 
transfer rate in the manner described above. 

1 5 Another variation of the embodiment of Fig. 9 involves reducing the joint 

diameter between segments (not shown ). For example, the inflatable material may be 
formed such that joints 318, 320, 322, and 324 have a diameter only slightly greater than 
that of the inlet lumen 304. In other words, the heat transfer element 302 has a tapered 
"sausage" shape. 

20 In all of the embodiments, the inflatable material may be formed from seamless 

and nonporous materials which are therefore impermeable to gas. Impermeability can be 
particularly important depending on the type of working fluid which is cycled through the 
heat transfer element. For example, the inflatable material may be latex or other such 
rubber materials, or altematively of any other material with similar properties under 

25 inflation. The flexible material allows the heat transfer element to bend, extend and 
compress so that it is more readily able to navigate through tiny blood vessels. The 
material also provides for axial compression of the heat transfer element which can limit 
the trauma when the distal end of the heat transfer element 14 abuts a blood vessel wall. 
The material should be chosen to tolerate temperatures in the range of -1*^C to or 

30 even higher in the case of blood heating, without a loss of performance. 
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It may be desirable to treat the surface of the heat transfer element to avoid clot 
formation because the heat transfer element may dwell within the blood vessel for 
extended periods of time, such as 24-48 hours or even longer. One means by which to 
prevent thrombus formation is to bind an antithrombogenic agent to the surface of the 
5 heat transfer element. For example, heparin is known to inhibit clot formation and is also 
known to be useful as a biocoating. 

Referring back to Fig. 2, an embodiment of the method of the invention will be 
described. A description with reference to the embodiment of Fig. 3 is analogous. A 
guide catheter or wire may be disposed up to or near the area to be cooled or heated. The 

10 case of a guide catheter will be discussed here. The heat transfer element may be fed 
through the guide catheter to the area. Alternatively, the heat transfer element may form 
a portion of the guide catheter. A portion of the interior of the guide catheter may form, 
e.g., the return lumen for the working fluid. In any case, the movement of the heat 
transfer element is made significantly more convenient by the flexibihty of the heat 

1 5 transfer element as has been described above. 

Once the heat transfer element 14 is in place, a working fluid such as saline or 
other aqueous solution may be circulated through the heat transfer element 14 to inflate 
the same. Fluid flows from a supply catheter into the inlet lumen 22. At the distal end 26 
of the heat transfer element 14, the working fluid exits the inlet lumen 22 and enters the 

20 outiet lumen 20. 

In the case of the embodiment of Fig. 5, for which the description of Fig. 7 is 
analogous, the working fluid exits the inlet lumen and enters an outiet inflatable lumen 
220 having segments 203, 205, 207, and 221. As the working fluid flows through the 
outlet lumen 220, heat is transferred from the exterior surface of the heat transfer element 

25 201 to the working fluid. The temperature of the external surface may reach very close to 
the temperature of the working fluid because the heat transfer element 201 is constructed 
from very thin material. 

The working fluids that may be employed in the device include water, saline or 
other fluids which remain liquid at the temperatures used. Other coolants, such as freon, 

30 undergo nucleated boiling and may create turbulence through a different mechanism. 
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Saline is a safe coolant because it is non-toxic and leakage of saline does not result in a 
gas embolism which may occur with the use of boiling refrigerants. 

By enhancing turbulence in the coolant, the coolant can be delivered to the heat 
transfer element at a warmer temperature and still achieve the necessary heat transfer 
5 rate. In particular, the enhanced heat transfer characteristics of the internal structure 
allow the working fluid to be delivered to the heat transfer element at lower flow rates 
and lower pressures. This is advantageous because high pressures may stiffen the heat 
transfer element and cause the same to push against the wall of the vessel, thereby 
shielding part of the heat transfer unit from the blood. Such pressures are unlikely to 

10 damage the walls of the vessel because of the increased flexibility of the inflated device. 
The increased heat transfer characteristics allow the pressure of the working fluid to be 
delivered at pressures as low as 5 atmospheres, 3 atmospheres, 2 atmospheres or even 
less than 1 atmosphere. 

In a preferred embodiment, the heat transfer element creates a turbulence intensity 

15 greater than 0.05 in order to create the desired level of turbulence in the entire blood 
stream during the whole cardiac cycle. The turbulence intensity may be greater than 
0.055, 0.06, 0.07 or up to 0.10 or 0.20 or even greater. 

Fig. 10 is a schematic representation of the device being used to cool the brain of 
a patient. The selective organ hypothermia apparatus includes a working fluid supply 16, 

20 preferably supplying a chilled liquid such as water, alcohol or a halogenated 

hydrocarbon, a supply catheter 12 and the heat transfer element 15. The heat transfer 
element 15 may have the form, e.g., of any of the embodiments above or of similar such 
heat transfer elements. The supply catheter 12 has a coaxial construction. An inlet 
lumen within the supply catheter 12 receives coolant from the working fluid supply 16. 

25 The coolant travels the length of the supply catheter 12 to the heat transfer element 15 
which serves as the cooling tip of the catheter. At the distal end of the heat transfer 
element 15, the coolant exits the insulated interior lumen and traverses the length of the 
heat transfer element 15 in order to decrease the temperatxire of the heat transfer element 
15. The coolant then traverses an ouflet lumen of the supply catheter 12, which may have 

30 a helical or other shape as described above. The supply catheter 12 is a flexible catheter 
having a diameter sufficiently small to allow its distal end to be inserted percutaneously 
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into an accessible artery such as the femoral artery of a patient. The supply catheter 12 is 
sufficiently long to allow the heat transfer element 15 to be passed through the vascular 
system of the patient and placed in the intemal carotid artery or other small artery. If the 
heat transfer element 15 employs tapering as in some of the embodiments described 
5 above, the same may be placed in very small arteries without damage to the arterial walls. 

The heat transfer element can absorb or provide over 75 watts of heat to the blood 
stream and may absorb or provide as much as 100 watts, 150 watts, 170 watts or more. 
For example, a heat transfer element with a diameter of 4 mm and a length of 
approximately 10 cm, using ordinary saline solution chilled so that the surface 
10 temperature of the heat transfer element is approximately 5°C and pressurized at 2 
atmospheres, can absorb about 150 watts of energy fi-om the bloodstream. Smaller 
geometry heat transfer elements may be developed for use with smaller organs which 
provide 60 watts, 50 watts, 25 watts or less of heat transfer. 

The practice of the invention is illustrated in the following non-limiting example. 

15 

Exemplary Procedure 

1. The patient is initially assessed, resuscitated, and stabilized. 

2. The procedure is carried out in an angiography suite or surgical suite equipped with 
fluoroscopy. 

20 3. Because the catheter is placed into the common carotid artery, it is important to 
determine the presence of stenotic atheromatous lesions. A carotid duplex 
(Doppler/ultrasoimd) scan can quickly and non-invasively make this determination. The 
ideal location for placement of the catheter is in the left carotid. Thus, the same may be 
scanned first. If disease is present, then the right carotid artery can be assessed. This test 

25 can be used to detect the presence of proximal common carotid lesions by observing the 
slope of the systolic upstroke and the shape of the pulsation. Although these lesions are 
rare, they could inhibit the placement of the catheter. Examination of the peak blood 
flow velocities in the intemal carotid can determine the presence of intemal carotid artery 
lesions. Although the catheter is placed proximally to such lesions, the catheter may 

30 exacerbate the compromised blood flow created by these lesions. Peak systoUc velocities 
greater that 130 cm/sec and peak diastolic velocities > 100 cm/sec in the intemal carotid 
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indicate the presence of at least 70% stenosis. Stenosis of 70% or more may warrant the 
placement of a stent to open up the internal artery diameter. 

4. Ultrasound can also be used to determine the vessel diameter and the blood flow. A 
catheter with an appropriately-sized heat transfer element could be selected. 
5 5. After assessment of the arteries, the patient's inguinal region is sterilely prepped and 
infiltrated with lidocaine. 

6. The femoral artery is cannulated and a guide wire may be inserted to the desired 
carotid artery. Placement of the guide wire is confirmed with fluoroscopy. 

7. An angiographic catheter can be fed over the wire and contrast media injected into the 
10 artery to further assess the anatomy of the carotid. 

8. Alternatively, the femoral artery is cannulated and a 10-12.5 firench (f) introducer 
sheath is placed. 

9. A guide catheter may be placed into the desired common carotid artery. If a guide 
catheter is placed, it can be used to deliver contrast media directly to further assess 

1 5 carotid anatomy. 

10. The 10 f -12 f (3.3- 4.0 mm) (approximate) heat transfer device is then prepared. 

1 1 . The heat transfer device and supply catheter are placed into the carotid artery via the 
guiding catheter or over the guidewire. Placement is confirmed with fluoroscopy. This 
placement is conveniently made in part because of the flexibility of the heat transfer 

20 element. 

12. Altematively, the catheter tip is shaped (angled or curved approximately 45 degrees), 
and the catheter shaft has sufficient pushability and torqueability to be placed in the 
carotid without the aid of a guide wire or guide catheter. Such pushability and 
torqueability may be achieved with the use of a wire placed within the catheter shaft and 

25 heat transfer element. 

13. If cooling is desired, the catheter according to the invention is connected to a pump 
circuit also filled with saline and fi-ee from air bubbles. The pump circuit has a heat 
exchange section that is immersed into a water bath and tubing that is coimected to a 
peristaltic pump. The water bath is chilled to approximately 0° C. 
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14. Cooling is initiated by starting the pump mechanism. The saline within the cooling 
catheter is circulated at 5 cc/sec. The saline travels through the heat exchanger in the 
chilled water bath and is cooled to approximately 1° C. 

15. The sahne subsequently enters the cooling catheter where it is delivered to the heat 
5 transfer element. The saline is warmed to approximately 5-7° C as it travels along the 

inlet lumen of the catheter shaft to the end of the heat transfer element. 

16. The saline then flows back through the heat transfer element in contact with the 
outlet lumen. The saline is further warmed in the heat transfer element to 12-15° C, and 
in the process, heat is absorbed from the blood, cooling the blood to 30° C to 32° C. 

10 17. The chilled blood then chills the brain. 15-30 minutes may be required to cool the 
brain to 30 to 32° C. 

18. The warmed saline travels back down the outlet lumen of the catheter shaft and back 
to the chilled water bath where it is cooled to 1° C. 

19. The pressure drops along the length of the circuit are estimated to be 2-3 
15 atmospheres. 

20. The cooling can be adjusted by increasing or decreasing the flow rate of the saline. 
Monitoring the temperature drop of the saline along the heat transfer element will allow 
the flow to be adjusted to maintain the desired cooling effect. 

21 . The catheter may be left in place to provide cooling for 12 to 24 hours. 

20 22. If desired, warm saline can be circulated to promote warming of the brain at the end 
of the therapeutic cooling period. 

In addition, in some applications, it may be advantageous to attach a stent to the 
distal end of the heat transfer element. The stent may be used to open arteries partially 

25 obstructed by atheromatous disease prior to initiation of heat transfer. Further, the device 
may be used to deliver drugs such as blood clot dissolving compounds (e.g., tissue 
plasminogen activator ("tPA"), urokinase, pro-urokinase, streptokinase, etc.) or 
neuroprotective agents (e.g., selective neurotransmitter inhibitors). In addition to 
therapeutic uses, the device may be used to destroy tissue such as through cryosurgery. 

30 While the particular invention as herein shown and disclosed in detail is fully 

capable of obtaining the objects and providing the advantages hereinbefore stated, it is to 
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be understood that this disclosure is merely illustrative of the presently preferred 
embodiments of the invention and that no limitations are intended other than as described 
in the appended claims. 
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